The pp invariant mass spectra of the processes J/ψ → ppω, J/ψ → ppρ, and J/ψ → ppγ close to the pp threshold are calculated by means of the NN optical potential. The potential model for NN interaction in the 1 S 0 state is proposed. The parameters of the model are obtained by fitting the cross section of NN scattering together with the pp invariant mass spectra of the J/ψ decays.
I. INTRODUCTION
Investigation of the nucleon-antinucleon interaction in the low-energy region is an actual topic today. Unusual behavior of the cross sections of several processes has been discovered in recent years. For instance, the cross sections of the processes e + e − → pp and e + e − → nn reveal an enhancement near the threshold [1] [2] [3] [4] . The enhancement near the pp threshold is also observed in the decays J/ψ(ψ ) → ppπ 0 (η) [5] [6] [7] , J/ψ(ψ ) → ppω(γ) [5, [8] [9] [10] [11] . The sharp peak in the vicinity of NN threshold has been observed in the cross sections of several processes, i.e., e + e − → 6π [12] [13] [14] [15] [16] and J/ψ → γη π + π − [17] . These observations led to numerous speculations about a new resonance [5] , pp bound state [18] [19] [20] , or even a glueball state [21] [22] [23] with the mass about double proton mass. Another possibility, which we are studying, is the nucleon-antinucleon interaction in the final or intermediate states.
We describe the nucleon-antinucleon interaction by means of an optical potential model.
Several optical nucleon-antinucleon potentials [24] [25] [26] are usually used to describe the interaction in the low-energy region. All these nucleon-antinucleon potentials have been proposed to fit the nucleon-antinucleon scattering data. These data include elastic, charge-exchange, and annihilation cross sections of pp scattering, as well as some single-spin observables.
There were attempts to describe the processes of NN production in e + e − annihilation using these potential models. For instance, using the Paris [27] and Jülich [28] models, it has been shown that the near-threshold enhancement of the cross sections of these processes can be explained by the final-state nucleon-antinucleon interaction. The strong dependence of the ratio of electromagnetic form factors of the proton on the energy in the timelike region near the threshold has been explained by the influence of the tensor part of the nucleon-antinucleon interaction.
In our recent paper [29] , to fit the parameters of the potential, we have suggested to include all available experimental data in addition to the nucleon-antinucleon scattering data. A simple potential model of NN interaction in the partial waves
by the tensor forces, has been suggested. The parameters of this model has been obtained by fitting simultaneously the nucleon-antinucleon scattering data, the cross sections of pp and nn production in e + e − annihilation, and the ratio of electromagnetic form factors of the proton in the timelike region. This model has allowed us to calculate also the contribution of virtual NN intermediate state to the processes of meson production in e + e − annihilation and to describe the sharp dip in the cross section of 6π production in the vicinity of the NN threshold [29] . Similar results have also been obtained in Ref. [30] within the chiral model [26] but without the tensor NN interaction taken into account.
The potential [29] has also been used to explain the enhancement observed in the pp invariant mass spectra of the decays J/ψ(ψ ) → ppπ 0 (η) near the pp threshold [31] . Note that in these decays in the near-threshold region the most important contribution is also
given by the partial waves
The spectra of these decays, as well as the decays J/ψ(ψ ) → ppω(ρ, γ), have also been studied in Refs. [32, 33] using the chiral model [26] .
In the present paper we follow our idea and construct a simple optical potential model of the NN interaction in the 1 S 0 partial wave. This partial wave should give the most important contribution to the final-state pp interaction in the decays J/ψ(ψ ) → ppω(ρ, γ) in the energy region close to the pp threshold. We show that it is possible to describe the pronounced peak in the pp invariant mass spectrum of the decay J/ψ → ppγ using a simple model of the NN interaction. Moreover, in contrast to the results of Ref. [32] , our model doesn't predict such peak in the spectrum of the decay J/ψ → ppρ which has not been observed yet.
We use our model to calculate the contribution of virtual NN pair to the J/ψ → γη π + π − decay rate in the energy region near the NN threshold. Our model describes a peak in the η π + π − invariant mass spectrum. It has been pointed out in Ref. [17] that a contribution of virtual pp state may be one of possible origins of the peak in the spectrum. However, in
Ref. [17] any models of the NN interaction have not been applied.
II. DECAY AMPLITUDE
Due to the C-parity conservation law, possible states for a pp pair in the decays J/ψ → ppγ, J/ψ → ppω, and J/ψ → ppρ are 1 S 0 and 3 P j . The S-wave state dominates in the near-threshold region where the relative velocity of the nucleons is small. The pp pairs have different isospins for the final states containing a vector meson (I = 1 for the ppρ state, and I = 0 for the ppω state). In the case of ppγ final state, the pp pair is a mixture of two isospin states.
We derive the formulas for the decay rate of the process J/ψ → ppx, where x is one of the vector mesons or a photon. Below we use the notation: k and ε k are the momentum and the energy of the x meson in the J/ψ rest frame, p is the proton momentum in the pp center-of-mass frame, M is the invariant mass of the pp system. Then the following relations hold:
where m is the mass of the x particle, m J/ψ and m p are the masses of a J/ψ meson and a proton, respectively, = c = 1. Since we consider the pp invariant mass region M − 2m p m p , the proton and antiproton are nonrelativistic in their center-of-mass frame, while ε k is about 1 GeV.
In the center-of-mass frame, the radial wave function of the pp pair corresponding to the
, is a regular solution of the radial Schrödinger equation p
Here (−p 
where S I is some function of energy. The dimensionless amplitude of the decay with the corresponding isospin of the pp pair can be written as
Here G I is an energy-independent dimensionless constant, e λ and λ are the polarization vectors of the x particle and J/ψ, respectively,
where n is the unit vector collinear to the momentum of electrons in the beam. The sum over the polarizations of the vector mesons reads
and the sum over the photon polarizations is
The decay rate of the process J/ψ → ppx can be written in terms of the dimensionless amplitude T I λλ (see, e.g., [34] ):
where Ω p is the proton solid angle in the pp center-of-mass frame and Ω k is the solid angle of the x particle in the J/ψ rest frame.
Substituting the amplitude (3) in Eq. (7) and averaging over the spin states, we obtain the pp invariant mass and angular distribution for the decay rate
where ϑ k is the angle between n and k. The invariant mass distribution can be obtained by integrating Eq. (8) over the solid angles Ω p and Ω k :
The wave function module squared is the so-called enhancement factor which equals to unity if the pp final-state interaction is turned off.
The optical NN potential can also be used to calculate the decay rates of the processes with a virtual NN pair in the intermediate state. In Ref. [29] it is shown that the total cross section of NN production, which is a sum of the cross section of real NN pair production (the elastic cross section) and the cross section of the meson production via annihilation of a virtual NN pair (the inelastic cross section), can be written in terms of the Green's function of the NN pair. According to Ref. [29] , in order to switch from the elastic cross section to the total one, we should replace ψ
the Green's function of the Schrödinger equation (2) . Therefore, the contribution of the NN intermediate state to the decay rate of the process J/ψ → NN x → particles + x (particles in the final state can be nucleons or mesons) has the form
where M is the invariant mass of the mesons, E = M/2 − m p . The Green's function is the solution of the equation
and can be written in terms of regular, ψ I R (r), and non-regular, ψ I N (r), solutions of the Schrödinger equation (2):
where θ(x) is the Heaviside function, and the non-regular solution has the asymptotic form at large distances
III. RESULTS AND DISCUSSION
In the present work we propose an NN optical potential V (r) for the 1 S 0 partial wave, which can be represented as
where τ i are the Pauli matrices in the isospin space. Thus, the potentials V I (r), corresponding to I = 0, 1 channels in Eq. (2), read
Similar to Ref. [29] , our potential is the sum of a long-range pion-exchange potential and a short-range potential well
whereṼ (r) is the pion-exchange potential, U I , W I , and a I are free parameters fixed by fitting the experimental data. The pion-exchange potential of the nucleon-antinucleon interaction for the total spin S = 0 is given by the formula (see, e.g., [35] ) where f 2 π = 0.075, m π is the pion mass. The data used for fitting the parameters of the potential include the partial contributions of 1 S 0 wave to the elastic, charge-exchange, and total cross sections of pp scattering, and the pp invariant mass spectra of the decays J/ψ → ppω, J/ψ → ppγ, and ψ(2S) → ppγ. The partial cross sections of pp scattering are calculated from the Nijmegen partial wave S-matrix (Table V of Ref. [25] ). The results of the fit are given in Table I , and the dependence of ψ I R (0) on the nucleon energy is shown in Fig. 1 . The accuracy of the fit can be seen from Fig. 2 .
The number of free parameters in our model is N fp = 11. The total number of experimental data points for the invariant mass spectra of the decays J/ψ → ppω, J/ψ → ppγ, and ψ(2S) → ppγ is N dat = 143. Thus, we have N df = N dat − N fp = 132 degrees of freedom.
The minimum χ 2 per degree of freedom is χ By means of this model and Eq. (9), we calculate the pp invariant mass spectra in the processes J/ψ → ppω and J/ψ → ppρ (see Fig. 3 ). The isospin of the pp pair is I = 0 and I = 1 for ω meson and ρ meson in the final state, respectively. Therefore, the decay rates for these processes are given by Eq. (9) with the corresponding constants G I and wave functions ψ I R (0). Our model fits the experimental data for the decay J/ψ → ppω quite well. There are no experimental data for the decay J/ψ → ppρ, therefore, the predictions for the invariant mass spectrum are especially important. The pp spectrum in the decay J/ψ → ppρ, calculated in Ref. [32] with the use of the chiral model [26] , has a pronounced peak close to the pp threshold, while our model predicts a monotonically increasing spectrum without any peak.
The decay amplitude of the process J/ψ → ppγ is a sum of two isospin contributions. Therefore, the decay rate reads
Our model describes with good accuracy the pronounced peak, seen fairly well in the experimental data for the decay J/ψ → ppγ (see Fig. 3 ). For the best fit, the ratio of the constants is G γ1 /G γ0 = −0.57 − 0.3 i. We have investigated in details the origin of this peak and found out that it arrises because of a significant compensation of two isospin amplitudes at energy above 10 MeV per nucleon, though each isospin amplitude has no peak. This leads to another interesting prediction. The decay rate of the process J/ψ → nnγ, given by the
should be much larger than that for the process J/ψ → ppγ. For completeness, we also The experimental data are taken from Refs. [5, [8] [9] [10] [11] . The earliest measurements are adopted for the scale of the plots.
consider the decay ψ(2S) → ppγ (the corresponding ratio of the constants is G γ1 /G γ0 = −1.21 − 0.05 i), see Fig. 3 .
At M (pp) − 2m p 200 MeV, the pp state 3 P j may also give a noticeable contribution to the J/ψ decay rate. This is why we do not show the prediction for the decay rate in this region. Besides, the value M (pp) − 2m p = 200 MeV is only approximate boundary of the region where the contribution of the pp state 3 P j can be neglected. Of course, it is impossible to calculate this boundary because the exact decay mechanism is unknown. Only the experimental measurements of the angular distributions near the pp threshold can show the importance of higher partial waves contributions and give more accurate information about the region of applicability of our approach.
Making use of our potential model and Eq. (10), we obtain also the predictions for the 
IV. CONCLUSIONS
We have proposed a simple optical potential model of NN interaction in the 1 S 0 state.
With the help of this model we have calculated the effects of pp final-state interaction in several J/ψ decays. Our model describes the pp invariant mass spectra of the decays J/ψ → ppω, J/ψ → ppγ, and ψ(2S) → ppγ with good precision. We have also obtained the predictions for the pp invariant mass spectrum in the decay J/ψ → ppρ which has not been measured yet. Our prediction for this spectrum differs from the theoretical results obtained earlier. Therefore, the experimental study of the decay rate of this process would help to discriminate different models of the nucleon-antinucleon interaction.
We have used the Green's function approach to calculate the contribution of the interaction of virtual NN pairs in the 1 S 0 state to the cross sections of the processes. In particular we have calculated the contribution of the NN intermediate state to the η π + π − invariant mass spectrum for the decay J/ψ → γNN → γη π + π − in the energy region near the NN threshold. Our results are in good agreement with the available experimental data and describe the peak in the invariant mass spectrum just below the NN threshold.
